Three types of chitosan-based films have been prepared and evaluated: a nonmodified chitosan film bearing cationizable aliphatic amines and two films made of Nsulfopropyl chitosan derivatives bearing both aliphatic amines and negative sulfonate groups at different ratios. Cell adhesion and proliferation on chitosan films of C2C12 pre-myoblastic cells and B16 cells as tumoral model have been tested. A differential cell behavior has been observed on chitosan films due to their different surface modification. B16 cells have shown lower vinculin expression when cultured on sulfonated chitosan films. This study shows how the interaction among cells and material surface can be modulated by physicochemical characteristics of the biomaterial surface, altering tumoral cell adhesion and proliferation processes.
INTRODUCTION
The term chitosan (CS) comprises a family of polysaccharides composed of randomly distributed Nacetylglucosamine and glucosamine residues with β-1-4 linkage naturally isolated from fungi (1) . Commercial chitosans are produced by deacetylation of chitin isolated from a crustacean's shell. While chitin is insoluble in aqueous solvents, chitosan due to the presence of a large number of free amino groups is soluble in acid aqueous media.
Depending on chitin source and preparation process, this polymer can be presented in a wide range of deacetylation degree (DD) defined as the ratio of glucosamine to the sum of glucosamine and N-acetyl glucosamine units along the CS chains, from 50 to 100%, and different molecular weights (MWs). MW and DD are the most important parameters that determine the physical and biological properties of CS (2) . CS is a good candidate for biomedical and pharmaceutical applications due to its good biocompatibility and biodegradability and its processing capabilities (3) (4) (5) (6) (7) (8) (9) . It is a polymer with good handling properties so it can be easily processed in different forms such as film sponges, hydrogels, beads, etc., without the need for toxic solvents. In addition, CS has been frequently used as a drug carrier to release different compounds, such as peptides, proteins, antigens, oligonucleotides, and genes (10, 11) .
Chitosan structure is related at some extent to the glycosaminoglycans (GAGs) present in the extracellular matrix (ECM), such as chondroitin sulfate and hyaluronic acid, although unlike these GAGs, CS bears cationizable primary amines in addition to acetyl amino groups. It is well known that CS films are cytocompatible. Cells adhere and proliferate properly on this support, and their response depends on CS characteristics, such as MW and DD, as well as on the cell line studied (12) .
Cell adhesion and proliferation on polymeric supports can be modulated by many factors related to surface parameters and mechanical response such as hydrophilicity, roughness, charge, or rigidity.
Cell adhesion is favored preferentially to hydrophilic substrates (13) . It is considered that a positive charge on the polymeric surface has a positive impact in cell adhesion and proliferation since cellular membranes bear negative charges (14, 15) . Nevertheless, the effect of positive or negative charge in cellular adhesion process still remains a controversial issue. As an example, other studies report that an anionic charge can be an advantage and promote cellular processes. Tan cells can attach to negative-charged hydrogels, made of acrylamide and vinyl phosphonic acid (VPA), due to protein adsorption on hydrogels leading to an increase of cell interactions. The serum proteins from supplemented media are the ones that mediated cell adhesion and proliferation (16) . In another example that reports the use of negative surfaces in cell culture, we have recently described anionic networks that allow cell adhesion and proliferation till confluence and an easy detachment of the formed cell monolayer by gentle mechanical agitation (17) . In this paper, two N-sulfonated chitosans (sulfonated CSs) with different modification degrees have been prepared by using a procedure recently described by Tsai et al. using 1,3-propane sultone in aqueous media (18) .
This method permits us some control on the modification degree, being selective toward the amine groups. We have produced N-sulfopropyl chitosan films for the first time and we have evaluated them, comparatively to unmodified CS, as cell supports for two different murine cell lines: C2C12 premyoblasts and B16 melanoma cells.
MATERIALS AND METHODS

Reagents
Low-molecular weight chitosan (viscosity = 35 cps according to supplier specifications), 1,3-propane sultone, and deuterium chloride (DCl) were purchased from Sigma. D 2 O was purchased from Merck. Spectra/Por® 6 dialysis membrane (MWCO: 3500) was purchased from Spectrum Laboratories, Inc.
Chitosan Sulfonation
Chitosan modification was carried out by using the method reported by Tsai et al. (2010) . Briefly, CS (200 mg) was dissolved in 20 ml of aqueous acetic acid solution (0.3 M) under stirring overnight. To this solution, 1,3-propane sultone was added at the appropriate molar ratio. The reaction was carried out at 60°C for 6 h. After this time, it was allowed to cool down to stop the reaction and the sulfonated CS was isolated by dialysis against water and subsequently freeze-dried.
Sample Characterization
Deacetylation degree (DD) of the parent CS (0.86) was determined by 1 H NMR according to Lavertu et al. (19) . Briefly, 10 mg of CS was solved in 1 ml of DCl/D 2 O (2% v/v) and the spectra was recorded at 70°C on a 400-MHz spectrometer (Varian Unity 400). Chemical shift values are reported in parts per million (δ) relative to tetramethylsilane (TMS). DD was determined as indicated in Eq. 1 by using the signals from protons H2, H3, H4, H5, H6, and H6′ (H2-6) of both monomers (N-acetylglucosamine and glucosamine) and the peak of acetyl group (Ac) (see Fig. 1 for peak assignation):
where I x is the intensity of the corresponding peak x.
The sulfonation degree (SD), defined as the ratio of modified amines to the sum of modified and non-modified amines, was also determined by 1 H NMR. Spectra were recorded using the same conditions from before. SD was determined as indicated in Eq. 2 by using the signals of the −CH 2 − group of propane sultone centered at 2.17 ppm and the Ac group:
Crystallinity was determined by X-ray diffraction. X-ray diffraction (XRD) patterns were obtained in a Bruker D8 Advance diffractometer using the CuKα radiation (step size 0.024; counting time 0.5). The crystallinity index was measured using Eq. 3 (20) :
where I 110 is the intensity when 2θ = 20°and I am is the intensity when 2θ = 16°F TIR spectra were registered in a Perkin-Elmer Spectrum One, coupled to an attenuated total reflection (ATR) device. Four scans were registered with a resolution of 4 cm 
CS and N-sulfopropyl CS Films Preparation
Sulfonated CSs with two different sulfonation degrees (0.30 and 0.70) or CS were dissolved 1% (w/v) in acetic acid (50 mM). Films were performed by solvent casting method. Briefly, CS and sulfonated CS solutions were filtered through a 0.22 μm filter and 200 μl of these samples was layered over the 1-cm 2 surface of the wells in 48-well plates (Corning Costar, NY, USA) in a sterile laminar flow hood overnight. Finally, the samples were neutralized with phosphate buffer 0.25 M (pH 7.4) and they were extensively washed with phosphate-buffered saline (PBS) and completely dried under laminar flow before using.
Film Characterization
Atomic force microscopy (AFM) experiments were performed in tapping mode using a Multimode AFM (Vecco Instruments, Santa Barbara, CA) equipped with a Nanoscope Iva control system (software version 6.14r1). Silicon tapping probes (RTESP, Veeco) were used with a resonance frequency of ∼300 kHz and a scan rate of 1 Hz, 50 × 50 μm 2 AFM images were taken for each sample. Topography was examined by topographical AFM.
The degree of swelling (S) was determined gravimetrically in PBS 7.4 at 37°C using Eq. 4.
where W w is the weight of the wet film at equilibrium and W d is the weight of the dry film.
Cell Culture
C2C12 mouse premyoblastic cell line (CRL 1772, ATTC, USA) and B16 mouse melanoma cell line (ATCC, CRL-6475) were used to study the cell behavior. Cells were cultured in DMEM high in glucose (31966-021, GIBCO, UK), containing 10% fetal bovine serum (10500-064, GIBCO, UK) plus antibiotics (100 U/ml penicillin and 100 μg/ml streptomycin sulfate) (GIBCO, UK) at 37°C in a humidified 5% CO 2 atmosphere. Cell passaging was always performed at 70-90% of confluence.
Cell Proliferation Assays
Alamar Blue was performed as cell proliferation assay. This non-toxic and scalable method uses the natural reducing power of living cells, generating a quantitative measure of viability and cytotoxicity. Five time points were set (6, 24, 48, 72 , and 96 h) using an initial cell density of 10,000 cell/cm 2 .
This assay was performed following manufacturer instructions. Briefly, 10% (v/v) of Alamar Blue reagent (Invitrogen) was added to each well and the 48-well plate was incubated at 37°C for 90 min. Fluorescence (λ ex = 530 nm, λ em = 590 nm) was measured (Biotek FL-600) subtracting blank readouts. Results were expressed in relative fluorescence units (RFUs).
Cell Adhesion
Cell adhesion was studied using immunocytochemistry. Cells were incubated with anti-vinculin (1/150; Sigma) and Alexa 488-conjugated (1/100; Life Tech.) antibodies. The staining protocol was performed as standard procedures (PFA 4% fixation; blocking solution 5% normal donkey serum; 0.3% Triton X-100 in 1× PBS). The visualization of the fluorescent-labeled cells was performed in an inverted fluorescence microscope (Olympus IX51) with an FITC filter (λ ex /λ em = 496/519 nm) using Cell D analysis software (Olympus).
Statistics
All of the in vitro experiments were performed in triplicate, with an n number of three for each experiment.
RESULTS
N-sulfopropyl Chitosan Synthesis
In the present work, CS with a deacetylation degree of 0.86 has been modified with 1,3-propane sultone to prepare N-sulfopropyl CS derivatives with different sulfonation degrees by modifying the propane sultone content in the reaction media (Table I) . As the amount of propane sultone was increased in the reaction media, the samples become soluble in water. Chitosan modification was confirmed by 1 H RMN. As seen in Fig. 1 , after chitosan modification, three new signals appear in the spectrum corresponding to sulfopropyl addition to chitosan.
Chitosan sulfonation was also confirmed by infrared spectroscopy (Fig. 2) . The FTIR spectrum of CS showed its characteristic bands, including a band at 1640 cm , which corresponds to the stretching of amide C=O, and a band at 1377 cm −1 , which is associated with the C-H bond in the CH 3 group of the acetamide group. The band at 1587 cm −1 corresponds to the N-H deformations of a primary amine. The FTIR spectrum of the sulfonated derivative includes the stretching vibration of the OH group in sulfonic acid at 2924 cm −1 , revealing the presence of sulfonic groups in the modified CS, and the stretching vibration of C-O-S at 789 and the stretching vibration of S=O at 1153 cm −1 were also observed. Moreover, a comparison of both FTIR spectra reveals differences in their absorbance band at 1587 cm −1 . The CS sample showed strong reflections at the angles 2θ = 10°and 2θ = 20° (Fig. 3) . A crystallinity index of 64% was calculated by using Eq. 3. Compared to CS, sulfonated-CS samples showed a reduction of the crystallinity showing less intense peaks at 20°and 10°. In fact, no signal at 10°was observed in the sample with the highest modification.
Films Characterization
Sulfonated CS samples (SCs-0.3 and SCs-0.7) kept the good filmogenic properties of non-modified chitosan, and transparent and stable films were easily prepared by solventcasting methodology. Films were swelled in PBS and the degree of swelling was estimated gravimetrically (Table II) . The film's roughness of a chitosan film and S-SCs-0.3 film were determined by AFM (Fig. 4) . Average roughness values (Ra) were estimated from AFM images with an Ra = 4.03 nm for chitosan film and an Ra value of 25.1 nm for the sulfonated chitosan film.
Cellular Behavior on Chitosan and Sulfonated Chitosan Films
C2C12 premyoblasts and B16 melanoma cells were cultured on the three different films (chitosan, SCs-0.3, and SCS-0.7 films) using pretreated control plastic (TCP) as a control material. In a set of preliminary studies, the effect of sulfonation degree (SD 0.30 or 0.70) on cell adhesion and proliferation over sulfonated chitosan films was studied. Interestingly, these preliminary studies showed no relevant differences between both sulfonated films (Supplemental 1). Therefore, the results shown in this article and the following discussion are only referred to the sulfonated CS sample with the highest modification degree (sample SCs-0.70). The cell adhesion and proliferation of C2C12 premyoblast and tumoral B16 cells over CS and S-CS-0.7 films are shown in Fig. 5 . Short-time response, measured after 48 h of incubation, showed a proper proliferation over TCP of both cell lines. A small fraction of B16 melanoma and C2C12 cells could also proliferate on the S-CS films (Fig. 5, third line) . However, some of the B16 melanoma cells showed nonadherent morphology over this substrate, forming rounded aggregations of cells (Fig. 5, third line) . To ensure that the observed behavior was not due to S-CS toxicity, the equivalent amount of S-CS used for film preparation was added directly in suspension to the cell culture medium previously seeded with C2C12 and B16 cells on TCP plates. No changes in cell proliferation in comparison with control CS media were observed being indicative of its non-cytotoxic effect in these conditions (data not shown). After 72 h of incubation, both cell lines spread on the CS film's surface, forming a monolayer (Fig. 5, second line) as it was expected. At this time point, C2C12 cells did not show a good attachment on the S-CS films and only a small amount of spread cells on the film were observed (Fig. 5, third line) . On the other hand, B16 melanoma cell aggregates seemed to increase their size dramatically, being finally able to colonize the film surface from the cell aggregate's edges. To test if cells in the aggregates were alive, an Alamar Blue metabolic assay was performed. Figure 6 shows that both cell lines were surviving on all the surfaces (TCP, CS, and S-CS films), observing, as we expected, the highest values of relative fluorescence units for cells growing on TCP. After 72 h of incubation on CS or S-CS films, the B16 tumoral cells showed similar RFU values despite their different morphology and cellular behavior (Fig. 6) .
Thus, to get better comprehension about cell adhesion, vinculin expression was analyzed by immunocytochemistry in order to study focal adhesions on our CS and S-CS films. C2C12 cells seeded on TCP, CS films, or S-CS films showed a specific fluorescence signal, as an indicator of a strong cell attachment to the film surface through focal adhesion complex (Fig. 7) . The same behavior was observed for B16 cells seeded on TCP or CS films. On the contrary, very low vinculin signal was detected for B16 cells growing on S-CS films.
DISCUSSION
Sulfonated Chitosan Synthesis and Film Characterization
Several methods have been proposed in the literature in order to selectively prepare N-sulfonated or N-sulfonated CS derivatives. Me 3 N-SO 3 complexes allow the regioselective modification of amino groups (21) . N-sulfofurfuryl CS sodium salt has been synthesized using 5-formyl-2-furansulfonic acid sodium salt. This reaction avoids O-substitution since it is carried out through a mild Schiff reaction (22) . The use of 2-chloroethanesulfonic acid allows the preparation of N-O sulfoethyl CS with 0.11-0.35 substitution degrees, but polymer degradation is expected due to the high acid conditions used. Furthermore, the disposal media is difficult to handle (23) . Recently, Tsai et al. (2010) have proposed the use of 1,3-propane sultone to produce N-sulfopropyl CS in a homogeneous media by dissolving the CS in a weak acid (18) . This method, which is the one used in this study, permitted them the preparation of highly substituted CS samples (DS till 1) and easier solvent disposal. Unfortunately, the chitosan sample was not characterized.
As seen in Figs. 1 and 2 , with the chitosan used in this work, the N-sulfopropyl chitosan was also synthesized but no DSs higher than 0.7 were achieved even at high propane sultone/chitosan ratios. It is well known that the physicochemical properties of chitosan have a key role in its properties and chemistry. The lack of complete amino group modification has been ascribed to a high crystallinity index (CrI) that hindered the accessibility of the reagents to the C2 chitosan amino groups (24) . XRD measurements confirmed both the high CrI of the chitosan used in this work (which Fig. 2 . FTIR spectra of CS and sulfonated CS with sulfonation degree 0.70. Signals mentioned in text are marked with a start on the spectra Fig. 3 . The XRD spectra of CS and sulfonated-CS (DS 0.70 and 0. 30) may explain the impossibility to completely modify the amino groups) and its modification since a reduction in the crystallinity of the SC samples is observed (Fig. 3) . This result might be due to the disruption of the ordered structure of the chitosan by the introduction of the sulfopropyl moiety.
Interestingly, both SCs-0.3 and SCs-0.7 kept the filmogenic properties of the parent chitosan and the Nsulfopropyl chitosan films were easily produced by solvent casting for the first time.
At the pH under study (7.4), chitosan amino groups are mainly deprotonated since chitosan pKa is around 6.5. Therefore, the overall charge of the film is almost neutral. On the contrary, sulfonic groups are completely deprotonated at pH 7.4, and therefore, the films are negatively charged. Chitosan films exhibit a low swelling degree in PBS since they have a low amount of positive charges in its structure. Interestingly, although S-Cs samples were soluble in water due to their negative charges, once the films were produced, they were stable in PBS with a slight increase of the swelling values compared to chitosan samples, which may indicate the formation of a polyelectrolyte complex between positive charges due to the -NH 3 + groups and negative charges due to SO 3 − . When comparing film roughness (Ra), chitosan films exhibited lower Ra values than sulfonated chitosan films did according to their lower swelling. This parameter is going to be interesting due to its effect on cell adhesion.
Cellular Behavior on Chitosan and Sulfonated Chitosan Films
In this paper, the cell growth of two different murine cell lines, C2C12 premyoblasts and B16 melanoma cells, on chitosan and sulfonated chitosan films are studied. B16 cells are considered as model line for malignant melanoma behavior, which is originated mainly in epidermal melanocytes and characterized by strong invasiveness, high metastasis rate, rapid progression, and poor prognosis (25) .
The described differences between both sulfonated chitosan films (0.7 and 0.3) were not translated into differences in the cell's growth on the surfaces while important differences were observed between chitosan and sulfonated chitosan films.
It is well known that cell growth over CS films is delayed compared to TCP controls (26) , and cells need longer times to properly spread on this support. Cell growth on sulfonated chitosan films (48 h) showed that only a small amount of cells was able to proliferate on the surfaces (both chitosan and sulfonated chitosan). In fact, at 72 h of metabolic activity, values showed no differences between both cell lines on CS and S-CS surfaces. However, after 72 h, a low amount of B16 cell aggregates grew on sulfonated chitosan using this nonadherent strategy and increased their size dramatically. It is known that a specific in vitro characteristic of tumor cells is to grow in aggregates and to be less adherent-dependent. This behavior has been documented as a described model for in vivo tumor growing, as cell clusters using collective migration as a mechanism to disseminate from the primary tumor (27, 28) . Figure 5 shows a first evidence of a possible differential effect of the sulfonation on the tumoral cell line compared to non-tumoral cells. Considering the possible differences in cell adhesion in case of S-CS films, the viability of the constituted cell aggregates formed during the first days of incubation was assessed, since a high number of cell aggregates in an adherent culture could be a sign of unspecific cell death.
It should be noted that after 96 h of incubation, these B16 cell aggregates showed similar RFU values while growing either on the CS or S-CS films in comparison with TCP (Fig. 5) . Taking these results into consideration, it seems that B16 melanoma proliferation is slightly delayed on S-CS films at the first stages of the culture, but after 72 h, B16 cell aggregates were able to better colonize the S-CS surface than can the C2C12 control cell line.
Once it was demonstrated that B16 cells growing in aggregates on S-CS films were alive, we focused on assessing this particular adhesion behavior. The critical process determining cellular behavior starts on cell adhesion; otherwise, subsequent events (spreading, migration, proliferation, and differentiation) do not take place (29) . The CS film presents positive charges on its surface that are going to lead the first 5.6 ± 0.6 SCs_0. 7 5.9 ± 0.9 Fig. 4 . AFM images of pristine chitosan a and sulfonated chitosan-0.3 b films weak interactions with the negative charge of the cell membrane. In the case of S-CS, there are also negative charges that are going to influence at cellular level and modifying protein adsorption. Strong interactions in the cell-substrate adhesion process are mediated by focal adhesion protein complex. Focal adhesion complex formation allows the enhancement of the tissue complexity to build a functional network. In this protein complex, integrin and vinculin interact with several cytoskeletal proteins to achieve a strong support over the extracellular matrix. Melanoma invasive behavior involves increased cell motility caused by changes in cytoskeletal organization and altered contacts with the extracellular matrix (30) . In fact, making a new adhesion to a substrate requires integrin as a mediator, being vinculin involved in the linkage of integrin adhesion molecules to the actin cytoskeleton. Numerous groups have reported deregulated expression of integrins and other alterations of matrix components in invasive melanoma (31, 32) . In fact, this B16 aggregative behavior is motivated by expression of cell-cell adhesion receptors (e.g., cadherins), a mechanism that is highly regulated in melanoma (33) (34) (35) . Nevertheless, it remains unclear what the specific molecular mechanism used to achieve cell surface adhesion is in our in vitro model. These events are crucial for scenarios like the implantation of a biomaterial, where the initial cell response is mediated by the dynamic interaction between extracellular matrix proteins and different surface cell receptors. Data from Fig. 7 seems to indicate that normal adhesion process related to vinculin in tumoral cells was altered when B16 were seeded on the S-CS films. Similar effects were also observed by other authors, where integrins are modified in tumoral cells when they grow on different surfaces (32) . This experiment, together with the previous two mentioned in Figs. 4 and 5, seems to indicate that B16 tumoral cells are using different proliferative strategies on CS and S-CS films, respectively. This differential behavior may be attributed to the particular structural balance of the sulfonated materials that graft anionic moieties to the cationizable amines. CS films have been widely employed as antitumoral therapy. On the one hand, CS films have been used as matrices for drug delivery (36, 37) , and they have also been reported to exhibit an immunostimulating activity, such as increasing the accumulation and activation of macrophages and polymorphonuclear cells, inducing cytokines and cytotoxic T cell response (38, 39) . These features make CS coatings a useful alternative to the current treatments for melanoma that include surgery resection, radiotherapy, chemotherapy, immunotherapy, and biological therapy, usually with severe side effects (40) . The introduction of these negative charges on S-CS go toward the polysaccharide structure to the highly sulfonated heparin, which is a biomolecule involved in different biological processes. In the context of cancer cells, heparin has exhibited antimetastatic activity, being a potential antitumoral agent because it can inhibit the premetastatic niche and affecting cancer progression (32) . Taking these precedents into account, cell aggregates growing on S-CS films could reflect a possible in vivo delay on metastatic cell adhesion. This behavior could also optimize the effect of antitumoral agents released from S-CS films, a fact that still needs to be evaluated.
CONCLUSIONS
In this paper, N-sulfopropyl chitosan films have been produced for the first time. N-sulfonation of chitosan-type cell support has shown to exert an in vitro differential effect on the tumoral B16 cell response keeping the non-toxic character of the unmodified chitosan material. Both cell lines showed a growth delay on sulfonated films with respect to the non-modified chitosan films. Nevertheless, the adhesion process of B16 cells was altered when the negative charges from the sulfonic groups were present on the modified chitosan films, demonstrated by the vinculin expression analysis. These results and the differential response attributed to the sulfonation of the chitosan may be of interest for the understanding of melanoma cell adhesion and proliferation. 
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